This study used integrin A v
Introduction
Tumor necrosis factor-a (TNF) is a pleiotropic cytokine with a wide variety of biological activities and immunomodulatory properties (1) . Although systemic administration has been shown to mediate the regression of xenotransplanted tumors (2 -4) , the clinical use of TNF is hindered by its severe dose-limiting toxicity (5, 6) . Among the various approaches that have been pursued to increase the therapeutic index, regional administration of highdose TNF, in combination with chemotherapeutics, has produced high response rates in patients with melanoma and sarcoma of the extremities (7 -9) as well as regression of bulky hepatic cancer confined to liver (10, 11) . These results are important because they show that the antitumor effects of TNF can be exploited therapeutically in humans with greater success if sufficient dose can be attained locally, which can shield the organism from the systemic toxic effects of TNF. These results also provide the rationale for targeting tumors with TNF as a strategy for increasing its therapeutic index.
Through molecular engineering, numerous fusion proteins have been designed to combine the specific cellbinding characteristics of antibodies or growth factors with the cytotoxic or growth-modulatory effects of toxins, cytokines, or proapoptotic proteins (12, 13) . Among these strategies, antibodies have shown the greatest potential thus far as delivery vehicles for various classes of therapeutic agents, including TNF. However, a major limitation of such antibody-based constructs is their inadequate uptake and poor distribution in tumors due in part to the relatively large molecular mass of antibody molecules. One approach to remedy this is to use considerably smaller, genetically engineered antibody fragments. For example, single-chain Fv fusion constructs can better penetrate tumor tissue and have improved pharmacokinetics and lower immunogenicity than intact murine antibodies (14, 15) . To further improve the penetration of targeted molecule, we and others have used small peptides for tumor vasculature-specific delivery to enhance the therapeutic index of TNF (16 -20) .
The integrin a v h 3 is overexpressed on endothelial cells of neovasculature and has been shown to play a key role in tumor angiogenesis and metastasis. Overexpression of integrin a v h 3 in tumor cells of various origins (21) can potentiate metastasis by facilitating cancer cell invasion and movement across blood vessels. Several integrin inhibitors are being evaluated in clinical trials for cancer and other angiogenesis-related diseases. Currently, patients with melanoma and glioblastoma multiforme benefit from Vitaxin (MedImmune) or cilengitide treatment, respectively (22) . Small interfering RNAs that specifically silence integrin a v and/or h 3 have been reported to cause tumor shrinkage in preclinical xenograft models (23) . Combinations of anti-integrin a v h 3 therapy and other therapeutic approaches (such as chemotherapy, radiotherapy, and gene therapy) have also been applied to cancer treatment (24) . Despite the broad theoretical effect of such molecules on integrin function and thus on pathology, the clear identification of discrete clinical niches for their use remains to be defined. The ability of noninvasive molecular imaging to visualize and quantify integrin expression in vivo may provide a novel way of patient stratification and identify integrin-positive patients who will likely benefit from such targeted therapy.
In this study, we developed a RGD4C-TNF fusion protein for tumor-specific delivery of TNF. To investigate whether RGD4C-TNF protein can specifically bind to a v h 3 -positive cells and thus increase the local concentration of cytotoxic RGD4C-TNF, RGD4C-TNF was conjugated with macrocyclic chelating agent DOTA and labeled with 64 Cu for micro-positron emission tomography (microPET) imaging in tumor models with different a v h 3 expression levels. The tumor-inhibitory effects of RGD4C-TNF and TNF were studied using an integrin a v h 3 -positive MDA-MB-435 human breast cancer model. 125 I]echistatin, specific activity of 74,000 GBq/mmol, was purchased from GE Healthcare. Female athymic nude mice were supplied from Harlan at age 4 to 6 weeks. The enzymes for DNA cloning were purchased from New England Biolabs. The plasmid pBV220 containing the P R P L promoters, two strong transcription terminators, and the hTNF cDNA were constructed in-house. Mouse anti-human TNFR1 and TNFR2 were purchased from R&D Systems. RGD4C peptide (ACDCRGDCFCG) was purchased from AnaSpec.
Materials and Methods
Cell Culture and Tumor Models All the cell lines used for in vitro and in vivo studies were obtained from the American Type Culture Collection. U87MG human glioblastoma cells were cultured in MEM supplemented with 2 mmol/L L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 mmol/L nonessential amino acids, 1.0 mmol/L sodium pyruvate, and 10% fetal bovine serum. MDA-MB-435 human breast cancer cells were cultured in Leibovitz's L-15 medium supplemented with 10% fetal bovine serum. C6 rat glioma cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum. Mouse fibroblast L929 cells were cultured in DMEM (low glucose) supplemented with 10% fetal bovine serum. All cell lines were cultured at 37jC in a humidified atmosphere with 5% CO 2 , except for MDA-MB-435, which was cultured without CO 2 .
Animal procedures were done according to a protocol approved by the Stanford University Institutional Animal Care and Use Committee. The U87MG tumor model was generated by s.c. injections of 1 Â 10 7 cells in 100 AL PBS into the left shoulders of the mice. The orthotopic MDA-MB-435 tumor model was established by injections of 5 Â 10 6 cells in 100 AL PBS into the right upper mammary fat pads of the mice. The C6 tumor model was generated by s.c. injections of 5 Â 10 6 cells in 100 AL PBS into the left shoulders of the mice. The mice were subjected to micro-PET imaging studies when the tumor volume was between 200 and 500 mm 3 . Production and Characterization of Human TNF and RGD4C-TNF Wild-type human TNF (hTNF) and RGD4C-TNF (where RGD4C denotes the sequence of CDCRGDCFC) were prepared by recombinant DNA technology. For amplification by PCR, we used the primer pair 5 ¶-GAATTCATGCG-CAAACGTAAGCCTGTA-3 ¶ and 5 ¶-TCAGAAGGCAAT-GATCCC-3 ¶ for hTNF, with an EcoRI recognition site at 5 ¶-terminal. Optimal PCR conditions were 30 cycles of 30 s at 96jC, 30 s at 58jC, and 1 min at 72jC. PCR products were visualized on 2% agarose/Tris-acetate EDTA gels. After being confirmed by DNA sequencing, the gene was cloned into prokaryotic expression vector pBV220 (pBV-TNF). To generate fusion gene encoding RGD4C-TNF, the oligonucleotide encoding RGD4C with a glycine-serine linker interposed between RGD4C and TNF as a spacer was synthesized. Both TNF and RGD4C-TNF proteins were expressed and purified using our previously reported method (20) .
In vitro Cytolytic Assay of TNF and RGD4C-TNF The cytolytic activity of TNF and RGD4C-TNF against L929 mouse fibroblasts was tested as described (25) . To test the cytotoxicity of TNF and RGD4C-TNF against tumor cells, U87MG, MDA-MB-435, or C6 cells were plated into 96-well plates at a density of 4 Â 10 3 cells/well and allowed to adhere overnight before adding TNF or RGD4C-TNF. After 72 h, the effects of TNF and RGD4C-TNF on the growth of tumor cells were determined using crystal violet staining (20) . Plates were read on a TECAN microplate reader (Tecan Trading) at 570 nm. Each sample was analyzed in triplicate at serial dilutions. The results were expressed as mean F SD of two independent assays. The IC 50 values were calculated using GraphPad Prism software (GraphPad Software).
DOTA Conjugation and Radiolabeling DOTA was activated by EDC and SNHS at pH 5.5 for 30 min with a molar ratio of 10:5:4 (DOTA/EDC/SNHS; ref. 26 ). The DOTA-N-hydroxysulfosuccinimidyl was cooled to 4jC and added to TNF or RGD4C-TNF at a molar ratio of DOTA-N-hydroxysulfosuccinimidyl/protein = 5:1. The reaction mixture was adjusted to pH 8.5 with 0.1 N NaOH and allowed to incubate overnight at 4jC. The DOTA-RGD4C-TNF and DOTA-TNF conjugates were purified using PD-10 column. For radiolabeling, 64 CuCl 2 was diluted in 0.1 mol/L sodium acetate buffer (NaOAc, pH 6.5) and added to DOTA-TNF or DOTA-RGD4C-TNF (3.7 MBq 64 Cu activity/Ag protein conjugate). The reaction mixture was incubated for 1 h at 40jC with constant shaking and the resulting 64 Cu-DOTA-TNF or 64 Cu-DOTA-RGD4C-TNF was purified by PD-10 column. The radioactive fractions containing 64 Cu-DOTA-TNF or 64 Cu-DOTA-RGD4C-TNF were collected and passed through a 0.2 Am low protein binding syringe filter for in vivo experiments. The average number of DOTA chelators per RGD4C-TNF was determined as described (26, 27 ).
Integrin Receptor Binding Assay
The integrin a v h 3 binding affinities of RGD4C, RGD4C-TNF, TNF, and DOTA-RGD4C-TNF were analyzed via displacement cell-binding assays using [
125 I]echistatin as the integrin-specific radioligand (28) . Experiments were done on human glioblastoma U87MG cell line. The best-fit IC 50 values for U87MG cells were calculated by fitting the data with nonlinear regression using GraphPad Prism (GraphPad Software). Experiments were done with triplicate samples.
MicroPET Imaging Studies Detailed microPET imaging procedure has been reported previously using a microPET R4 rodent model scanner (Siemens Medical Solutions; ref. 29) . Briefly, tumor-bearing mice were anesthetized with 2% isofluorane, injected with 100f200 ACi 64 Cu-DOTA-RGD4C-TNF or 64 Cu-DOTA-TNF via tail vein, and placed in the prone position near the center of the field of view, where the highest image resolution and sensitivity are available. Five-to 10-min static scans were acquired at 1, 4, and 16 h after injection. For each microPET scan, three-dimensional regions of interest were drawn over the tumor, liver, kidneys, and muscle on decay-corrected whole-body coronal images. The average radioactivity concentration (accumulation) within a tumor or an organ was obtained from mean pixel values within the region of interest volume, which were converted to counts/mL/min by using a conversion factor. Assuming a tissue density of 1 g/mL, the counts/mL/min were converted to counts/g/min and then divided by the injected dose to obtain an imaging region of interestderived %ID/g (30) . For receptor-blocking experiments, tumor-bearing mice were imaged at 1 h after administration of 150 ACi
64
Cu-DOTA-RGD4C-TNF coinjected with 10 mg/kg c(RGDyK), 4 mg/kg TNF, or 10 mg/kg c(RGDyK) plus 4 mg/kg TNF.
TNFR Expression Analysis
Total RNA of tumor cell lines and tumor tissues were extracted using RNeasy Mini Kit (Qiagen) according to manufacturer's instructions. The purity and concentration of the RNA were determined by spectrophotometric methods. A total of 1 Ag RNA from each cell line or tumor tissue was used in reverse transcription reaction using SuperScript III First-Strand Synthesis System for Reverse Transcription-PCR (Invitrogen). The integrity of the cDNA was examined by the expression of the glyceraldehyde-3-phosphate dehydrogenase housekeeping gene. For amplification by PCR, we used the primer pairs 5 ¶-ACCA-AGTGCCACAAAGGAAC-3 ¶ and 5 ¶-CTGCAATTGAAG-CACTGGAA-3 ¶ for hTNFR1 and 5 ¶-TTCGCTCTTCCAG-TTGGACT-3 ¶ and 5 ¶-CACCAGGGGAAGAATCTGAG-3 ¶ for hTNFR2. The PCR products were visualized on agarose gel with ethidium bromide staining.
Western blot was done using a previously described method (31) . The fresh tissue extract samples (50 Ag/lane) were separated by SDS-PAGE and transferred electrostatically to NC membranes. The membranes were blocked with 5% nonfat milk in TBS-T [50 mmol/L Tris (pH 7.5), 0.9% NaCl, 0.1% Tween 20] for 1 h at room temperature, and then incubated for 2 h at room temperature with a rabbit anti-human hTNFR1 antibody (1:500) or mouse anti-human hTNFR2 antibody (1:500). The membranes were washed, incubated with horseradish peroxidaseconjugated goat anti-rabbit or goat anti-mouse IgG, and then developed with an ECL advanced chemiluminescence reagent using a Kodak image station 2000R (Eastman Kodak).
In vivo Efficacy Study Athymic nude (nu/nu) mice (4-6 weeks old) were injected with 5 Â 10 6 MDA-MB-435 log-phase cells into the right mammary fat pad. When the tumors were f50 to 100 mm 3 (2 weeks after inoculation), the mice were divided into three groups (n = 5) and injected i.v. through the tail vein daily for 5 days with saline, RGD4C-TNF (0.25 mg/kg), or TNF (0.25 mg/kg). The tumors were monitored every other day with a caliper for 2 weeks. Tumor volume was calculated with the formula: tumor volume = (width) 2 Â length / 2 (32) .
Ex vivo Staining At the end of the therapy, mice were sacrificed and the tumors were incised and fixed with IHC Zinc Fixative (BD Bioscience). H&E staining was done as reported. For immunostaining, the tumors were snap frozen in optical cutting temperature (Sakura Finetek USA) and kept at -80jC before staining. For Ki-67 staining, frozen tumor sections were warmed to room temperature, fixed with icecold acetone for 10 min, and dried in the air for 30 min. The sections were blocked with 10% goat serum, incubated with rabbit anti-mouse Ki-67 antibody (Labvision), washed, incubated with Cy3-conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories), mounted, and then examined under the microscope (Carl Zeiss Axiovert 200M). For terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling (TUNEL) and CD31 double staining, frozen tissue slices were warmed to room temperature and the fluorescent TUNEL staining was conducted following manual instruction of In situ Cell Death Detection kit (Roche). After TUNEL staining, the slides were subjected to CD31 (rat anti-mouse CD31 antibody was from BD Bioscience) staining using same protocol as Ki-67 staining.
Statistical Analysis For PET imaging, the analysis of study results was focused on the test of differences of the mean tumor uptake between 64 Cu-DOTA-RGD4C-TNF and 64 Cu-DOTA-TNF at different time points. For in vivo efficacy evaluation, the analysis of results was focused on the differences of the mean tumor volume among treatment groups. All tests of significance were two sided, and differences were considered statistically significant when P < 0.05. GraphPad Prism software was used for all analyses.
Results
Characterization of RGD4C-TNF and TNF The gene structure of RGD4C-TNF was illustrated in Fig. 1A .
The expression of RGD4C-TNF in Escherichia coli
Tumor Targeting with RGD4C-TNF was identified by SDS-PAGE (Fig. 1B) . RGD4C-TNF protein was partially soluble and the expression level of the protein was f13%. RGD4C-TNF was purified by step-wise ammonia sulfate precipitation followed by ionexchange chromatography. This purification procedure resulted in final yield of f3.9 mg purified RGD4C-TNF/g cell paste. The specific activity of purified RGD4C-TNF was 2.7 Â 10 8 units/mg. RGD4C-TNF protein could form homodimer and homotrimer under nonreducing condition. Most of the dimer and trimer were reduced to monomer and a single band at 17 kDa was shown on reduced SDS-PAGE after treatment with DTT (Fig. 1B) .
Bioactivity of TNF and RGD4C-TNF TNF bioassay on mouse L-929 cells showed that the EC 50 value of RGD4C-TNF fusion protein (0.21 F 0.02 ng/mL) was approximately the same as that of native TNF (Fig. 1C) , suggesting that the fusion of cyclic RGD4C peptide to the NH 2 terminus of TNF did not interfere with the bioactivity of TNF. The cytolytic activity of TNF and RGD4C-TNF against various tumor cells was also examined, including a v h 3 integrin-positive U87MG human glioblastoma and MDA-MB-435 human breast cancer and a v h 3 -negative C6 rat glioma cells. The EC 50 values of RGD4C-TNF against U87MG, MDA-MB-435, and C6 were comparable with those of TNF (Fig. 1C) . The level of integrin expression did not have significant effect on the bioactivity and cytotoxicity of RGD4C-TNF compared with TNF.
Binding Activity of RGD4C-TNF The binding specificity of RGD4C-TNF was tested on integrin-positive U87MG cells using competitive displacement study. 64 Cu labeling of DOTA-RGD4C-TNF and DOTA-TNF were achieved in 90 F 10 min and the radiolabeling yield was 66.9 F 18.1% and 59.3 F 19.3%, respectively (n = 5). The specific activity of 64 Cu-DOTA-RGD4C-TNF and 64 Cu-DOTA-TNF was 3.7 F 0.1 and 3.5 F 0.1 GBq/mg, respectively (n = 5).
MicroPET Studies of 64 Cu-DOTA-TNF and 64 Cu-DOTA-RGD4C-TNF Both 64 Cu-DOTA-TNF and 64 Cu-DOTA-RGD4C-TNF were tested in U87MG, MDA-MB-435, and C6 tumor models, and the representative decay-corrected wholebody coronal images that contain the tumors were shown in Fig. 2A . In the U87MG model that expressed high level of integrin a v h 3 , tumor uptake of 64 Cu-DOTA-RGD4C-TNF ( Fig. 2A, a-c, and D, a) was f2-fold that of 64 Cu-DOTA-TNF at all time points examined ( Fig. 2A, d-f ). In the MDA-MB-435 tumor model that expressed medium level of integrin a v h 3 , tumor uptake of 64 Cu-DOTA-RGD4C-TNF ( Fig. 2A, g-i) was f1.5-fold that of 64 Cu-DOTA-TNF ( Fig. 2A, j-k) at all time points examined. In the integrin a v h 3 -negative C6 tumor model, no significant differences between 64 Cu-DOTA-RGD4C-TNF ( Fig. 2A, m-o) and 64 Cu-DOTA-TNF ( Fig. 2A , p-r) were observed. The magnitude of uptake in U87MG, MDA-MB-435, and C6 tumors correlated well with the integrin expression level in these three models given that U87MG > MDA-MB-435 > C6. 64 Cu-DOTA-RGD4C-TNF and 64 Cu-DOTA-TNF, respectively; n = 9), presumably attributable , and C6 (c ) tumor models, respectively (three mice per group). **, P < 0.01; ***, P < 0.001. For C6 group, the P values were listed in the plot. Unpaired t test was used to analyze the data. P < 0.05 was considered statistically significant.
to the strong expression of TNFR1 on the endothelium of glomeruli of normal kidneys (34) .
Receptor Specificity of 64 Cu-DOTA-RGD4C-TNF The tumor accumulation of radiolabeled RGD4C-TNF fusion protein may be due to three factors: (a) specific targeting mediated by interaction between RGD4C and integrin a v h 3 on tumor cells and tumor vessels, (b) specific targeting mediated by interaction between TNF and TNFR on the tumor cells, and (c) passive targeting due to enhanced permeability and retention effect as tumors have abnormal and leaky vasculature and lack of lymphatic drainage. To fully understand the in vivo tumor-targeting mechanism of 64 Cu-DOTA-RGD4C-TNF, we did serial blocking experiments in U87MG and MDA-MB-435 tumor models. As can be seen in Fig. 3 , coinjection of c(RGDyK) (10 mg/kg) significantly reduced U87MG tumor uptake of 64 Cu-DOTA-RGD4C-TNF from 8.11 F 0.88 to 3.51 F 0.65 %ID/g (n = 3; P < 0.001). Coinjection of TNF protein (4 mg/kg) was also able to reduce U87MG tumor uptake to 3.63 F 0.72 %ID/g (n = 3; P < 0.01). Coinjection of c(RGDyK) (10 mg/kg) plus TNF protein (4 mg/kg) further decreased the tumor uptake of 64 Cu-DOTA-RGD4C-TNF to 1.99 F 0.13 %ID/g (n = 3; P < 0.01). Similar to that found in the U87MG tumor model, the uptake of 64 Cu-DOTA-RGD4C-TNF in MDA-MB-435 tumor (4.39 F 0.65 %ID/g) was inhibited in the presence of c(RGDyK) (2.28 F 0.07 %ID/g; n = 3; P < 0.001). TNF protein can also reduce the tumor uptake of 64 Cu-DOTA-RGD4C-TNF to 2.20 F 1.07 %ID/g (n = 3; P < 0.01). The combined inhibition in the presence of RGD plus TNF was not more effective than RGD blocking alone.
The different abilities of c(RGDyK) to inhibit 64 Cu-DOTA-RGD4C-TNF uptake in U87MG and MDA-MB-435 tumor models prompted us to investigate the function of TNF-TNFR interaction in the accumulation of 64 Cu-DOTA-RGD4C-TNF in these two models. Reverse transcription-PCR and Western blot were done to test TNFR1 and TNFR2 expression level in both cultured U87MG and MDA-MB-435 cell lines and well-established tumor xenografts. The reverse transcription-PCR products of TNFR1, TNFR2, and glyceraldehyde-3-phosphate dehydrogenase were 263, 399, and 400 bp, respectively. As shown in Fig. 4A , TNFR1 and TNFR2 mRNA levels were higher in U87MG than in MDA-MB-435 in both cultured cells and fresh tumor tissues. This result was further confirmed by immunoblotting (Fig. 4B) . The high levels of TNFR1 and TNFR2 in U87MG tumor may explain the complete blocking of 64 Cu-DOTA-RGD4C-TNF can only be achieved by combined c(RGDyK) and TNF in this tumor model.
In vivo Antitumor Effects of RGD4C-TNF After the tumors were established (50-100 mm 3 in volume), MDA-MB-435 xenografted mice were divided into three groups and i.v. injected daily with saline, TNF (0.25 mg/kg), or RGD4C-TNF (0.25 mg/kg) for 5 consecutive days. The mice were observed daily for clinical symptoms and the tumor volume was measured by a digital caliper every other day. As shown in Fig. 5A , a time-related increase in tumor volume was observed in the saline-treated group in which the tumors showed an average fractional tumor volume (V/V 0 ) of 7.7 F 2.4 on day 15. TNF treatment resulted in a V/V 0 of 4.3 F 0.6 on day 15, which represents a tumor growth inhibition of 24%. RGD4C-TNF treatment resulted in a V/V 0 of 2.1 F 1.2 on day 15, representing a tumor growth inhibition of 72%, which is significantly more effective than TNF (P < 0.01). Mice body weight was monitored as an indicator of toxicity of TNF. As evidenced in Fig. 5B , it is clear that neither RGD4C-TNF nor TNF has observable side effects at the low dosage used in this study.
Ex vivo Tissue Staining
In RGD4C-TNF-treated tumors, ex vivo tissue staining showed massive necrosis and hemorrhage (Fig. 6, c) , decreased tumor cell proliferation (Fig. 6, f) , and enhanced tumor cell apoptosis (Fig. 6 , l) compared with saline (Fig. 6,  a, d , and j) and TNF-treated group (Fig. 6, b, e, and k) . In particular, immunofluorescent double staining of CD31 and TUNEL showed multiple overlays of CD31 + and TUNEL + tumor vessels in RGD4C-TNF-treated group (Fig. 6, o) but not TNF-treated group (Fig. 6, n) . These staining results showed the selective cytolytic effect of RGD4C-TNF against integrin a v h 3 -positive tumor cells and tumor vessels and explained the enhanced antitumor effect of RGD4C-TNF (Supplementary Figure) . 1 
Discussion
In pursuing our goal of tumor-specific delivery of cytotoxic TNF, we have constructed a fusion protein that has a cyclic RGD4C peptide moiety at the NH 2 terminus of hTNF through a glycine-serine linker. In vitro results showed that the RGD4C-TNF is as potent as the native TNF and has similar integrin a v h 3 binding affinity to that of RGD4C peptide. Noninvasive microPET imaging studies showed that RGD4C-TNF accumulates in tumors in an integrin a v h 3 -dependent manner. The uptake of 64 Cu-DOTA-RGD4C-TNF is significantly higher than that of 64 Cu-DOTA-TNF in integrin-expressing tumors (e.g., U87MG and MDA-MB-435) but has no difference in integrin-negative tumors (e.g., C6). The uptake of 64 Cu-DOTA-RGD4C-TNF in integrin-positive tumors can be effectively blocked by c(RGDyK), further confirming the receptor specificity of the fusion protein in vivo after systemic administration. Finally, the integrin specificity of RGD4C-TNF also offers better tumoricidal capability than TNF in a v h 3 -positive MDA-MB-435 breast cancer model.
It is of note that hTNF has two cysteine residues at positions 69 and 101. The intramolecular disulfide bond formed between these two cysteine plays a critical role in the biological function of TNF. The RGD4C peptide has four cysteine residues close to each other. It is a challenge to have all six cysteines to form the correct disulfide bonds for both high integrin binding affinity and potent cytolytic activity. In Fig. 1B , we did observe that, under natural conditions, a primary RGD4C-TNF monomer band and two weak dimer and trimer bands, of which the two oligomer bands disappeared under reduced condition. The formation of RGD4C-TNF oligomer is likely due to the presence of intermolecular disulfide bonds. Because RGD4C-TNF had similar cytolytic activity with TNF, it is obvious that the disulfide bond between the C69-C101 is correctly formed. In peptide ACDCRGDCDCG (RGD4C), two disulfide bonds are formed between C2-C10 and C4-C8 for optimized a v h 3 or a v h 5 binding (35) . Such intermolecular 1 Supplementary material for this article is available at Molecular Cancer Therapeutics Online (http://mct.aacrjournals.org/). disulfide(s) are apparently maintained in the RGD motif because RGD4C-TNF showed comparable integrin binding affinity as synthetic RGD4C peptide. Because native TNF functions as a homotrimer (36, 37) , the presence of trimer in the case of RGD4C-TNF may enhance the functions of this cytokine.
Many investigators have reported targeted delivery of TNF to tumor site by fusion protein strategy. However, most of these studies did not monitor the tumor-targeting efficacy and pharmacokinetics of specific molecular therapeutics. In our study, we took advantage of the ability of PET to visualize and measure the biological processes noninvasively by labeling RGD4C-TNF with positron emitting radionuclide 64 Cu for imaging. The medium long physical half-life of 64 Cu (t 1/2 = 12.7 h) is well suited for the fusion protein labeling and imaging. After identifying that RGD4C-TNF retained both binding ability to integrin a v h 3 and TNF cytolytic activity, we evaluated the tumor accumulation of 64 Cu-DOTA-RGD4C-TNF in three tumor models that have high (U87MG), medium (MDA-MB-435), and low (C6) integrin a v h 3 expression levels. As expected, tumor uptake of 64 Cu-labeled fusion protein followed the order of U87MG > MDA-MB-435 > C6. We also did several blocking experiments to elucidate the tumor-targeting mechanisms of RGD4C-TNF. First, cyclic RGD peptide c(RGDyK) was able to partially inhibit the uptake of 64 Cu-DOTA-RGD4C-TNF in U87MG tumors and completely inhibit the uptake of 64 Cu-DOTA-RGD4C-TNF in MDA-MB-435 tumors. Second, TNF protein was able to inhibit the uptake of 64 Cu-DOTA-RGD4C-TNF in U87MG tumor model that expresses high levels of both TNFR1 and TNFR2 as well as in MDA-MB-435 tumor model that expresses medium level of TNFR1 and very low level of TNFR2. Third, the combination of c(RGDyK) and TNF could completely block the uptake of 64 Cu-DOTA-RGD4C-TNF in U87MG tumor model, although such combination did not further reduce the uptake of which in MDA-MB-435 tumor model compared with studies using c(RGDyK) as single blocking agent. It appears that RGD4C moiety, despite of its apparent null effect on the cytolytic activity of TNF cytokine, does provide integrin recognition and targeting in the receptor-positive tumor in vivo. The expression of TNFR2 is evidently important for the in vivo distribution of TNF because TNFR2 has a higher affinity (K d = 100 pmol/L) but also a faster dissociation rate (t 1/2 = 10 min) than TNFR1 (K d = 500 pmol/L; t 1/2 z 3 h; ref. 38 ). The fast off-rate of TNFR2 binding is believed to create a locally high TNF concentration at the cell surface, which in turn facilitates binding to TNFR1.
TNF is known to possess more than direct cytotoxicity against tumor cells; it also induces tumor vessel disruption (39) . Our initial treatment study comparing TNF and RDG4C-TNF at a relatively low dose (0.05 mg/kg) for 5 consecutive days showed significantly better tumorinhibitory effect of RGD4C-TNF than TNF, concurring with the pharmacokinetics studies showing that RGD4C-TNF accumulates significantly higher than TNF in the MDA-MB-435 breast cancer tumor after i.v. injection. Both TNF-treated and RGD4C-TNF-treated tumors had significant reductions in proliferative index compared with the control mice using Ki-67 analysis. TUNEL + cell analysis revealed increased DNA fragmentation and apoptosis in the treated mice compared with the control mice. Immunohistochemical analysis with 4 ¶,6-diamidino-2-phenylindole, CD31, and TUNEL staining revealed increased apoptosis on tumor vasculature, indicating integrin-specific cytotoxicity (Supplementary Material), and tumor vasculature specific cytotoxicity of RGD4C-TNF. The combined tumor vasculature and tumor cell integrin targeting led to the impressive tumor-inhibitory effect.
We recognize several potential limitations of our study. First, our therapy study only used an integrin-expressing , animals (n = 5 per group) were treated i.v. for 5 consecutive days with daily injection of saline, TNF (0.25 mg/kg), or RGD4C-TNF (0.25 mg/kg). The tumor volumes were measured by a digital caliper every 2 d and compared at days 5, 7, 9, 11, 13, and 15. RGD4C-TNF versus saline (cc, P < 0.01; ccc, P < 0.001), RGD4C-TNF versus TNF (*, P < 0.05; **, P < 0.01; ***, P < 0.001), and TNF versus saline (c, P < 0.05; cc, P < 0.01; ccc, P < 0.001). B, body weight of animals treated with saline, TNF, or RGD4C-TNF. MDA-MB-435 tumor model. Although PET imaging, tumor size measurement, and ex vivo tissue staining consistently show that RGD4C-TNF induces integrin-specific tumoricidal effect, in the future, we may need to test the antitumor effect of RGD4C-TNF in an integrin a v h 3 -negative tumor model, such as C6 rat glioma, to confirm that there is little or no difference between RGD4C-TNF and TNF. Second, we only selected a single dose schedule (0.05 mg/kg/d for 5 consecutive days), which is less than one-tenth of the dose used in other relevant studies. At such a low dose, TNF did not cause any normal organ toxicity (data not shown). To achieve optimal therapeutic efficacy, it will be important to determine maximum tolerated dose for native TNF and to test the difference of RGD4C-TNF and TNF in antitumor effect at high doses. Third, MDA-MB-435 tumor expresses medium levels of integrin and is highly sensitive to TNF treatment with an EC 50 value of <0.1 ng/mL. We may want to test the same fusion protein in U87MG tumor model in future studies, as U87MG tumors are more vascular than MBA-MB-435 and express very level of integrin. In addition, U87MG cells are less sensitive to TNF and RGD4C-TNF than MDA-MB-435 cells. It will be interesting to perform similar studies in an U87MG tumor model to assess whether integrin-targeted delivery of TNF will be better at delaying or inhibiting tumor growth.
In summary, we describe here the in vitro and in vivo characterization of RGD4C-TNF fusion protein. Incorporation of cyclic RGD4C peptide to the NH 2 terminus of TNF had little or no effect on the cytolytic toxicity effect of this cytokine. The pharmacokinetics as assessed by micro-PET imaging showed that RGD4C-TNF accumulated in the tumor through both integrin receptor and TNFR recognition. The antitumor effect of RGD4C-TNF is significantly better than TNF in integrin-positive tumor model because the fusion protein was able to selectively kill tumor vasculature and tumor cells that were integrin positive. Additional preclinical and clinical studies are warranted to optimize the therapeutic effects of this fusion protein alone and in combination with adjuvant therapies, such as 17-(allylamino)-17-demethoxygeldanamycin, to improve patient prognosis and survival. 
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